A modified binary collision approximation allowing the proper order of the collisions in time was used to study cascades in Cu and Au at primary kinetic energies up to 100 keV. Nonlinearities were approximated by letting already-stopped cascade atoms become targets in later collisions, using an improved method of locating potential targets to extend the calculations to energies much higher than heretofore. Beside the effect of the approximate nonlinearity, the effect of thermal disorder in the targets was examined.
INTRODUCTION
Computer simulation in the binary collision approximation has long been used to study the development of collision cascades in crystals. Previous work with the MARLOWE program [1] showed how such collisions may be ordered properly in time and how nonlinear effects in cascade development may be approximated by letting alreadystopped cascade atoms become targets in later collisions, but the work was limited to initial kinetic energies in the low kilovolt region by a need for very frequent searches of the entire list of atoms in the developing cascades Because of this limitation, the effects of nonlinearities, though clearly evident, were modest and there were incentives for further study. This paper sketches recent changes in the MARLOWE model, including a new algorithm for locating potential targets and other refinements, allowing calculations to be extended to initial kinetic energies of 100 keV or more in both Cu and Au.
THE COMPUTATIONAL MODEL
Most aspects of the MARLOWE model are described in detail elsewhere [1] [2] [3] [4] .
Potential nonlattice (stopped cascade atom) targets used to be found by scanning a table of cascade particles exhaustively at every collision: since the table length and the number of times it was scanned were each roughly proportional to the initial kinetic energy Eo, the time for this task varied as E« and dominated the computation above a few keV. A better procedure uses the fact that a nearby lattice site is associated with each atom in a MARLOWE cascade. A so-called 'hashing' algorithm is used to find such sites in the same way used for vacant ones: the lattice vector to a site defines a location in a table. If the site is vacant or associated with a stopped nonlattice atom, a pointer to the site or atom occupies the place indicated; otherwise, it is marked as empty. Separate tables are maintained for vacancies and atoms. With large enough tables and with provisions for conflicts between different sites for places in them, most searching is eliminated, the program execution time is proportional to Eo, and high-energy cascade calculations are not inhibited. Projectiles in MARLOWE are followed as long as their kinetic energies exceed a value E c . To be displaced, lattice targets must surmount a binding energy Eb if the projectile continues moving, or Eb' if it stops, and still have kinetic energy > E c .
Originally, a nonlattice target receiving kinetic energy in a collision was always followed and no binding energy was used. To be redisplaced in the revised model, a nonlattice target must surmount an energy Eb" and still have kinetic energy > Ec. If redisplacements do not occur, encounters with nonlattice targets are classed as subthreshold events: some atoms once regarded as redisplaced [1] are now in this group. The residual kinetic energy of a nonlattice target when it stops is ignored in determining its new kinetic energy.
Records are now kept of the times at which redisplaced atoms initially stop as well as of the times at which they are redisplaced: this alters the counting of atoms in motion in a cascade. Records are kept of the energy transferred in redisplacement events and in subthreshold encounters with nonlattice atoms. For the present work, a special analysis evaluated projectile kinetic energy spectra at intervals during cascade development.
Cascades were generated in Cu and Au for Eo from 0.1 to 100 keV. Up to 20 keV, samples of 1000 cascades were generated; 500 were evaluated at 50 keV and 250 at 100 keV. Quantities averaged over sets of cascades are enclosed in <>. In each case, E b ' = Eb" = 0.1 E b , Eb = Ec, and E c = 3.50 eV in Cu and 3.81 eV in Au. The fee lattice constant an was 0.3615 nm in Cu and 0.4078 nm in Au. The Moliere potential was used with screening lengths of 7.38 pm in Cu and 7.50 pm in Au. Collisions with impact parameters < 0.62 ao were evaluated. 'Local' inelastic energy losses were based on the LSS model [5] . Thermal disorder in the targets was described by the Debye model [6] with ©D = 315 K in Cu and 175 K in Au. Calculations with redisplacements were made for static targets and for temperatures of 0, 300, and 1000 K. Static calculations were also made without redisplacements. The collisions were time-ordered with a lime interval of 1 fs. Calculations were carried out on a Data General AViiON™ 300 workstation and required up to several hours per case.
THE TEMPORAL DEVELOPMENT OF CASCADES
The initial kinetic energy of the primary recoil is dissipated partly in exciting target electrons, partly in subthreshold encounters in which the target atoms receive kinetic energy < E c , and partly in encounters producing new or redisplaced recoils. redisplacements at three times. The spectra for other cases are similar. It is convenient to plot f(E,t) = E 2 p(E,t) against 1/E, where p(E,t)dE is the number of recoils at time t with kinetic energy between E and E+dE. In the hard-core approximation in structureless media, f(E,t) is a constant [7] , Early on, most recoils have high kinetic energies and there is a peak in the spectrum which moves to lower energies and spreads out as time advances.
At long times, the spectrum approaches hard-core behavior at low recoil energies. The spectrum in Fig. 1 (d) has two noteworthy features. One is a small peak at the high-energy end of the spectrum which persists for a rather long time even with thermal disorder: it represents channeled atoms which lag behind most other recoils in slowing down. The other is a small peak near 7 eV, marked by an arrow, which also persists for a long period:
it eventually dissipates slowly, but is absent when thermal disorder is included. It represents long LCSs, along which energy dissipation is rather slow. At 7 eV, Au atoms require about 0.11 ps to move a nearest-neighbor distance, accounting for the slow dissipation. Cascades in Au show similar behavior at other energies, with the effects of redisplacements becoming greater at higher energies. In Cu, on the other hand, the effects are much smaller. Both results are consistent with theoretical expectations [8] that cascade nonlinearities are more important at high energies and in high-Z targets.
OVERALL CASCADE PROPERTIES
At the end of a MARLOWE computation, the defects produced are arranged in
Frenkel pairs and sorted into classes [1, 2] . Only so-called distant pairs are regarded as permanent displacements: pairs of other classes are unstable and annihilate immediately.
The number of pairs may be discussed in terms of the familiar 'damage energy 1 model of radiation damage [9] : the damage energy E is Eo less the energy lost in electron excitation.
The number of Frenkel pairs produced in a cascade is v = E/Q, E > Q, a displacement energy. In the well-known model of Kinchin and Pease [10] , for example, Q = 2 Ej, with
Ed the displacement threshold, about 29 eV and 43 eV for Cu and Au, respectively [11] . Another way of looking at the importance of redisplacements in cascade development is given in Fig. 4 (a), which shows the ratio of <p>, the mean number of redisplacements per cascade, to <v>. In Cu, the ratio is small (~0.1) and essentially independent of Eo. In Au, on the other hand, it is larger and increases almost linearly with Eo. Above about 30 keV, there are more redisplacements than displacements in Au.
Figure 4(b) shows the maximum kinetic energy at which redisplacements occur in cascades in both metals. In all cases, this quantity rises with energy, varying roughly as E 1 / 2 . The spectrum of initial redisplacement energies is strongly peaked near Ec. Although there are occasional redisplaced atoms which carry 100 eV or more, they are quite rare, especially in Cu, and do not influence overall cascade properties significantly. Finally, there seem not to be any 'local' structural differences in cascades caused by the redisplacement process. That is, the distributions of Frenkel-pair separation distances was not altered when redisplacements were included.
A few calculations were made to test the sensitivity of the results to the value of EQ.
It is easily deduced m the hard-core approximation that the number of stopped cascade atoms and the number of low-energy recoils are both inversely proportional to E Cv so the frequency of encounters between them may be expected to vary as E*,? and this rule proves to describe high-energy cascades in Au fairly well. Both the number of redisplacements and the number of encounters with nonlattice targets show this behavior. Finally, it must be noted that at the highest energies in Au, the number of encounters between recoils and nonlattice targets is great enough to suggest that further 
